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Cells bring extracellular fluids, nutrients, ligands and plasma membrane proteins, and lipids into the cell interior by the process of endocytosis. Once internalized, endosomal membrane and content are sorted and routed to late endosomes for degradation, to the trans Golgi network, or recycled back to the PM. Among the various forms of endocytosis, clathrin-dependent endocytosis (CDE) has been the best characterized with regard to the machinery, regulation, and the cargo proteins that it carries (1) . Cargo proteins that enter cells through CDE contain specific targeting sequences in their cytoplasmic domains capable of being recognized by adaptor proteins that sort them into clathrin coated vesicles. By contrast, there are proteins at the PM that lack adaptor protein-targeting sequences, and these proteins enter cells by clathrinindependent endocytosis (CIE). Recently, there has been increased interest in CIE and the subsequent routing of the internalized membrane and protein by these pathways (2, 3) . There is some evidence for distinct CIE pathways for different types of cargo and cells. However, these distinctions often have been on the basis of following the endocytosis of transfected proteins or lipid-binding toxins into cells. For this reason, it has been difficult to compare these different pathways to see how typical they are in different cell types.
We and others have used HeLa cells as a model system to investigate how CIE is regulated and the subsequent trafficking of cargo molecules that enter cells through this mechanism (4) . Endogenous proteins that enter cells through this mechanism have been identified including the major histocompatibility complex class I (MHCI) protein (5, 6) , syndecan 1 (7), β1-integrin (8), the GPIanchored protein CD59 (9) , and the MHC-like molecule that presents lipids to T cells CD1a (10) . In addition, other cargo proteins shown to traffic through this pathway in transfection experiments include E-cadherin (11), the major myelin protein PMP22 (12) , potassium channels (13) , the cation channel protein mucolipin-2 (14) , the metabotropic glutamate receptor (15) , the β2 adrenergic and M3 muscarinic receptors (16) , and peptide-loaded MHC class II (17) . Once internalized, vesicles containing these cargo proteins fuse with endosomes containing cargo that entered through CDE and the cargo is then routed either to late endosomes and lysosomes for degradation or to distinct tubular endosomes that recycle the membrane back to the PM.
CIE in HeLa cells occurs independently of clathrin and dynamin but requires free cholesterol (5, 9) . Although little is known about the endocytic machinery that mediates the internalization step, there are a number of GTP-binding proteins that regulate the subsequent trafficking of the vesicles and cargo. One such GTPase is Arf6, which alters the cortical actin cytoskeleton and the lipid composition at the PM through activation of phosphatidylinositol 4-phosphate 5-kinase and phospholipase D (18, 19) . Arf6 is associated with the CIE pathway in HeLa cells and its proper functioning is required at two sites along the pathway. After internalization, Arf6-GTP undergoes hydrolysis leading to a change in the phosphoinositide composition of the endosome (20) . Endosomal phosphatidylinositol 4,5-bisphosphate (PIP 2 ) is lost and phosphatidylinositol 3-phosphate (PI3P) is acquired to enable fusion of the endosome with the PI3P and Rab5-associated, 'classical', early endosome that contains clathrin cargo (5) . Expression of a constitutively active form of Arf6, Arf6Q67L, stimulates CIE but leads to the accumulation of internalized cargo in enlarged vacuolar-type structures that are coated with actin and PIP 2 . These Q67L vacuoles trap CIE cargo, but not CDE cargo such as transferrin and Low-Density Lipoprotein (LDL) receptors, and further traffic to Rab5 endosomes and recycling is blocked (5, 9, 20) . On the other hand, Arf6 activation is required for the recycling from the tubular endosomal membrane back to the PM (6) . In addition to Arf6, many other regulatory proteins have been shown to mediate this recycling including Rab11, Rab22 (21), Rab35 (17) , the eps15 homology domain proteins EHD1 (22) and EHD3 (23), extracellular signal-regulated kinase Erk (24) , Alix (25), Cdc42, and Par3 (26) . The internalization of the membrane and subsequent recycling, which can be directed to specific regions of the PM, might be a major function for this endosomal system. Indeed, this Arf6-mediated membrane recycling appears to be critical for many functions attributed to Arf6 including Rac ruffling, cell adhesion, cell migration, and wound healing (18, 19) .
In the interest of identifying machinery responsible for endocytosis and new PM proteins that enter cells through CIE, we isolated the vacuolar membranes that accumulate in HeLa cells expressing Arf6Q67L in order to analyze their protein composition. Here we report on the proteomic analysis of enriched, CIE early endosomes that has led to the identification of new cargo proteins that travel in this pathway. These new proteins are associated with nutrient uptake and interactions of cells with the extracellular matrix, and unexpectedly, reveal an alternative intracellular trafficking route in the CIE pathway.
Results and Discussion
In order to isolate early endosomes originating from CIE we considered ways to affinity purify this endosomal compartment. In another study ongoing in the laboratory, we had identified PM SNARE proteins that travel along the CIE pathway. Expression of an amino terminally GFP-tagged syntaxin 3 localized to the PM and tubular endosomal membranes ( Figure 1A ) that also contained internalized MHCI (not shown). GFP-syntaxin 3 also localized to the vacuolar membranes containing CIE cargo proteins that form in cells expressing Arf6Q67L ( Figure 1A ) (5, 9, 20) . Endogenous syntaxin 3, detected with a specific antibody, also localized to these endosomal membranes (not shown). As the GFP tag was on the amino terminus of Syntaxin 3 and therefore exposed on the outer surface of the vacuoles, we decided to affinity purify these vesicles with antibodies to GFP.
Whole cell lysates from HeLa cells that had been transfected with Arf6Q67L and GFP-Syntaxin 3 were incubated with anti-GFP-coupled magnetic beads to pull-out GFPcontaining membranes. Although the GFP-Syntaxin 3 in cells expressing Arf6Q67L was present both at the PM and on the vacuoles, experiments with disrupted cells that had been surface biotinylated indicated that the PM fragments would reseal with the extracellular surface out and so the GFP tag would not be available for immunoisolation. Material bound to the beads was resolved by electrophoresis and the proteins stained using a sensitive Coomassie staining technique (27) . It was clear that there were many more proteins associated with the anti-GFP beads than the IgG control beads ( Figure 1B) . Slices of gels were made and digested with trypsin as described in Materials and Methods. The subsequent peptide fragments were subjected to LC-MS/MS for identification.
Among the proteins identified through this proteomic screen were six new membrane proteins that might represent new cargo molecules that travel along this CIE pathway. They are: CD44, CD55, CD98, CD147, the noninsulin stimulated glucose transporter 1 (Glut1), and the intercellular adhesion molecule 1 (ICAM1) ( Figure 1C ). For three of these (CD98, CD147, and Glut1) we obtained antibodies able to recognize the endogenous protein in immunoblots. When the isolated membrane fractions were probed with these antibodies, bands representing CD98, CD147, and Glut1 were apparent in the fractions from the anti-GFP beads and also in the whole cell lysate ( Figure 1D ). MHCI, a protein known to follow this CIE pathway (5, 6) , also was identified in the proteomic analysis and we detected MHCI protein in the material bound to the anti-GFP-beads ( Figure 1D ).
Next, we validated that these six membrane proteins were associated with the Arf6Q67L-generated vacuoles in cells by immunofluorescence. HeLa cells were transfected with Arf6Q67L and a GFP-tagged membrane marker (Mem-GFP), composed of GFP with the carboxyl tail segment from H-Ras, which we have previously shown to associate with membranes of the CIE pathway in HeLa cells (28) . After transfection, the cells were fixed and then localization of the endogenous proteins was determined. With antibodies directed to each of the newly identified proteins, we observed that CD44, CD55, CD98, CD147, Glut1, and ICAM1 all colocalized with Mem-GFP on discrete vacuoles in the periphery (Figure 2 , insets) and on clustered vacuoles in the juxtanuclear region, typical of cells expressing Arf6Q67L (5, 9, 20 ).
An interesting aspect of these membrane proteins is that many of them either are nutrient transporters or are involved in regulating cellular interactions with the matrix, an activity that has been associated with Arf6-regulation of CIE pathway trafficking (18, 19) . CD44 is a cell adhesion molecule and receptor for hyaluronan, an extracellular glycosaminoglycan. It is believed to direct matrix metalloproteinases to the leading edge of cells (29) . CD55, also known as decay acceleration factor (DAF) is a GPI-anchored protein as is CD59, which we previously identified as being associated with these endosomes. Both of these GPI-anchored proteins protect cells from complement-mediated lysis (30) .
CD98 is a multifunctional protein that is responsible for nutrient uptake and interacts with proteins involved in cell-matrix interactions (31) . It is the heavy chain of some amino acid transporters, in particular with Lat1, Figure 2 : New cargo proteins localize to Arf6Q67L vacuoles. HeLa cells co-expressing Arf6Q67L and Mem-GFP were fixed and then distribution of the cargo proteins was revealed with antibodies directed against CD44, CD55, CD98, CD147, Glut1, and ICAM1, followed by 594-conjugated goat-anti-mouse and goat-anti-rabbit (for Glut1). Bar, 10 μm. responsible for neutral amino acid transport. Although we also identified Lat1 in the proteomic analysis, we have not found an antibody suitable for immunolocalization. CD98 may also associate with Glut1, the ubiquitous glucose transporter, which we identified in the screen. CD98 also associates with β1-integrin, a previously identified cargo (8) , and with CD147, which is a new cargo protein identified here. CD147, also known as Emmprin for extracellular matrix metalloproteinase inducer, associates with the monocarboxylate transporter proteins that transport lactate and pyruvate across the PM (32).
Having validated that these endogenous membrane proteins were in fact associated with the isolated vacuoles that were analyzed by mass spectroscopy, we next examined whether these proteins were present on CIE Figure 3 : New cargo proteins differ in their intracellular trafficking. Cells were incubated with monoclonal antibodies directed towards CD55, HA-Glut1, CD44, CD98, and CD147 in the presence of antibodies to MHCI and labeled transferrin for 60 min. For (A), unlabelled antibodies were used for internalization and, after fixation, surface antibody was blocked with unlabeled goat-anti-mouse IgG, followed by fluorescently conjugated isotype-specific secondary antibodies in the presence of saponin. In (B), directly conjugated antibodies were used and after incubation, surface-bound antibody was removed by acid wash prior to fixation. Bar, 10 μm.
endosomes in untransfected cells. First, we observed that the total, steady state distribution of these cargo proteins colocalized with MHCI in HeLa cells (data not shown). Next, we used antibody internalization to assess whether these proteins followed a membrane trafficking pathway similar to that of MHCI and distinct from that of transferrin. We and others have previously shown that use of monoclonal antibodies to follow the internalization of PM proteins does not alter their trafficking (5, 9) . The antibodies do not cause cross-linking of the proteins; in fact, for MHCI, cross-linking of the primary antibodies using secondary antibodies inhibits endocytosis (unpublished observations). After 60 min internalization, CD55 localization was almost identical to that of MHCI on punctate structures in the peripheral and juxtanuclear region some of which colocalized with transferrin ( Figure 3A) . Additionally, CD55, and MHCI were both associated with the tubular, recycling endosomes that emanated from the juxtanuclear region that were devoid of transferrin ( Figure 3A , inset) and are characteristic for the CIE pathway in HeLa cells (21) . As we did not have antibodies that recognized the extracellular portion of Glut1, to follow Glut1 endocytosis, we transfected HeLa cells with a Glut1 construct with an extracellular HA tag (HA-Glut1) so that we could examine internalization with anti-HA antibodies. After 60 min internalization, HA-Glut1 colocalized with the internalized MHCI on some perinuclear punctate structures that colocalized with transferrin and on tubular endosomes devoid of transferrin ( Figure 3A , inset) as we observed with CD55. The distribution of HA-Glut1 was similar to that of endogenous Glut1, which colocalized with endocytosed MHCI on juxtanuclear endosomes and tubular recycling endosomes ( Figure S1 ). Although we could assess the steady state distribution of ICAM1 in cells by immunofluorescence (Figure 2 ), we were unable to follow endocytosis of ICAM1 using the antibodies available.
In contrast to what we observed with CD55 and Glut1, CD44, CD98, and CD147 showed a different pattern of internalization. CD44 colocalized with MHCI on tubular endosomes but was not associated with MHCI in the juxtanuclear region nor did it colocalize with transferrin ( Figure 3B ). CD98 and CD147 distributions were especially striking as they were prominently associated with tubular endosomal membranes and absent in the juxtanuclear region where MHCI colocalized with transferrin ( Figure 3B inset) . This different distribution after 60 min of internalization suggested some differences in itinerary for these new cargo proteins. To examine this more closely we followed the internalization of CD98 and MHCI over shorter periods of time. At 5 min, CD98 and MHCI were observed in the same punctate structures and then at 10 min CD98 was observed in tubular endosomes, but MHCI did not appreciably reach these structures until 30 min (Figure 4 ).
In addition to CD98, we noticed that CD44 and CD147 also appeared to gain access to the tubular endosome more rapidly than did MHCI, possibly by evading fusion with the common, 'classical', early endosome that contained transferrin, Rab5, and the early endosomal antigen 1 (EEA1). To test this possibility, we examined whether internalized cargo proteins reached endosomes that labeled with EEA1. After 30 min internalization, CD55 and HA-Glut1 were observed in puncta in the juxtanuclear region that colocalized with EEA1, similar to that of MHCI ( Figure 5A ), as we have reported previously (5) . In contrast, internalized CD44, CD98, and CD147 were predominantly associated with endosomal tubules and vesicles that were devoid of EEA1 ( Figure 5B ). These findings indicate that CD44, CD98, and CD147 largely avoid, whereas CD55, Glut1 and MHCI readily reach, EEA1-and transferrin-containing early endosomes. Thus, although all cargo proteins entered by CIE and became trapped in Arf6Q67L-associated endosomes, CD44, CD98, and CD147 appeared to by-pass EEA1 and transferrin-containing endosomes on their way to the tubular recycling endosome.
As the itinerary of some of these new cargo proteins differed from that of MHCI, we followed the itinerary of CD98 in more detail to confirm that this new Figure 5 : CD55, Glut1 and MHCI reach, whereas CD98, CD147, and CD44 do not reach EEA1-positive compartments. Unlabeled antibodies to CD55, HA, MHCI, CD98, and CD147 were incubated with cells for 30 min to allow internalization. After removal of free antibody, cells were fixed and surface-bound antibody was blocked with unlabeled goat-anti-mouse IgG. Cells were then incubated in the presence of saponin with rabbit-anti-EEA1 antibody, followed by secondary antibodies to detect EEA1, and the internalized cargo proteins. For CD44 internalization, 488-CD44 antibody was used for internalization and prior to fixation the cells were treated with low pH wash to remove surface antibody. Bar, 10 μm.
type of cargo protein was still utilizing the same CIE pathway that we had characterized for MHCI and CD59 (5,9,21). In particular, we examined whether internalization of CD98 was independent of dynamin and dependent on PM cholesterol and whether the trafficking of CD98 was altered upon expression of mutants of Rab22. Expression of the K44A mutant of dynamin2 did not affect internalization of CD98 or MHCI whereas transferrin internalization was inhibited ( Figure S2A ). Additionally, treatment of cells with filipin to bind cell surface cholesterol (9) blocked internalization of CD98 ( Figure S2B ) and MHCI as previously described (9) . We previously showed that Rab22 is associated with the tubular recycling endosome associated with this CIE pathway in HeLa cells and that expression of the active mutant of Rab22 (Q64L) enhanced the tubular phenotype and also resulted in the accumulation of vesicles at the distal ends of the tubules (21) . Furthermore, these tubules were absent in cells expressing the S19N dominant negative form of Rab22. We found that both internalized CD98 and MHCI colocalized with GFP-Rab22 and that in cells expressing Rab22Q64L there was an increase in number of cells exhibiting tubules and peripheral vesicles ( Figure S3 ), as we had observed previously for MHCI (21) . Additionally, in cells expressing Rab22S19N there was a marked decrease in number of cells exhibiting tubules, and the internalized CD98 and MHCI colocalized in a perinuclear region of the cell ( Figure S3 ), which also contained transferrin receptor (21) . Although our previous studies showed that expression of Rab22S19N inhibits recycling of MHCI but not that of transferrin (21), we were not able to quantitatively measure recycling of CD98 with the reagents at hand. We suspect, however that once in the tubular endosome, the recycling of the new cargo proteins is dependent upon the same components (Rab22, Rab11, and Arf6) that regulate recycling of MHCI (21) .
Taken together, these PM proteins appear to be new CIE cargo that enter cells independently of dynamin, but dependent upon PM cholesterol and accumulate in Arf6Q67L vacuoles. Once inside the cell, however, the new cargo proteins revealed differences in their itineraries ( Figure 6 ). CD55 and Glut1 followed the same pathway as that of internalized MHCI ( Figure 6 , Red Bars) and could be observed in endosomes that contain EEA1 and transferrin and then later in the tubular recycling endosomes. This also appears to be the route traveled by CD59 (9), integrins (8) , and syndecan (7). In contrast, CD44, CD98, and CD147 ( Figure 6 , green bars) did not appear to enter the EEA1-positive compartment, but appeared to join recycling tubular endosomes by way of the juxtanuclear endocytic recycling compartment (ERC). Previously we had observed evidence for this more direct recycling route taken by CD44, CD98, and CD147 when we were examining the distribution of Arf6, H-Ras, and certain PM SNARE proteins. In HeLa cells these proteins are present on Arf6Q67L vacuoles and on the recycling tubules but never on enlarged, Rab5Q79L endosomes (5, 9, 28) . We now have identified the cargo proteins that follow this direct pathway (CD44, CD98, CD147) in contrast to those cargo proteins that also merge with the EEA1 and Rab5 endosome (Glut1, CD55, CD59, and MHCI). We are in the process of identifying which features in cargo proteins might route them towards EEA1 compartments. Despite the different routes to the tubular endosome, both types of cargo are nonetheless trapped in the same structures, presumably the ERC, in cells expressing Rab22S19N.
The new CIE cargo proteins identified here join those already known and together they begin to reveal the physiological functions of this endocytic pathway. A number of these proteins (CD44, CD98, CD147, integrins, and syndecan) are involved in cell-matrix interactions and are implicated in cell migration and metastasis. Another set of proteins are nutrient and ion transporters (CD98, CD147, Lat1, Glut1, potassium channels, mucolipin-2) or proteins that present themselves to the immune system (MHCI, Cd1a, and MHCII). Additionally, we recently showed that the β2 adrenergic and M3 muscarinic receptors constitutively traffic along this CIE pathway and then upon ligand activation switch to internalization by clathrin pathways (16) . The trafficking of these plasma membrane proteins and in particular recycling of these proteins to particular regions of the cell could have important consequences during development and for cell homeostasis. These proteins all lack known adaptor protein binding motifs, but may contain other sequences in their trans-membrane or cytoplasmic regions that could interact with alternative coats or machinery used during CIE. With this new set of tools, we can examine CIE pathways and follow the trafficking of endogenous cargo proteins in different cell types to see how they are organized. These studies will likely reveal the range of CIE pathways in different cell types and provide insight into the cellular functions of such pathways.
Materials and Methods

Antibodies and plasmids
Mouse monoclonal antibodies to MHCI from hybridoma cells, clones HC10 and w6/32 (IgG2a) were used for immunoblotting and immunofluorescence/internalization, respectively. Mouse monoclonal antibodies to CD44 (clone IM7; IgG2b), CD55 (clone JS11; IgG1), CD98 (clone MEM-108;IgG1), and CD147 (clone HIM6;IgG1) and Alexa fluor conjugated versions of these antibodies were purchased from BioLegend (San Diego, CA) and used for immunofluorescence and antibody internalization. We confirmed with another clone the internalization behavior for CD98 (clone UM7F8 from BD Pharmingen) and found a similar overall internalization pattern that also resembled localization of CD98 at steady state. Mouse antibody to ICAM1 (clone MEM-111) was purchased from BioLegend and was used for immunofluorescence. Goat anti-CD98 (Santa Cruz Biotechnology, Santa Cruz, CA) was used for immunoblotting. A rabbit polyclonal antibody to Glut1 (33) was kindly provided by Sam Cushman (NIH, Bethesda, MD) and used for immunolocalization. A rabbit antibody to Glut1 from Alpha Diagnostics (San Antonio, TX) was used for western blotting.
Arf6Q67L-FLAG construct was in pFLAG. A chimera of GFP and syntaxin 3 (GFP-syn3) was provided by Paul Roche (NIAID, NIH, Bethesda, MD). A plasmid encoding a GFP chimera with the carboxyl terminal tail of HRas (Mem-GFP) that colocalizes with MHCI at the PM and on endosomal membranes (28) was from Clontech (Mountain View,CA). GFP-Rab22a wild type, S19N, and Q64L were previously described (21).
Immuno-bead preparation
Protein A Dynabeads (Dynal Biotech, Oslo, Norway) were covalently crosslinked to affinity purified polyclonal rabbit anti-GFP (Invitrogen, Carlsbad, CA) antibody as recommended by the manufacturer. Control beads using rabbit IgG were handled in the same way. Prior to use, beads were washed once with 0.1 M citrate (pH 3.1) and then thrice with PBS containing 1 mg/mL soy bean trypsin inhibitor (PBS/STI).
Transfections
For transfection for proteomic analysis, HeLa cells were plated on 15-cm petri dishes for 1-2 days to achieve 50-70% confluence. HeLa cells were grown in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37
• C with 5% CO 2 . Cells were transfected with GFP-tagged syntaxin 3 (GFP-syn3) and Arf6-Q67L-FLAG using FuGene (Roche Diagnostics, Indianapolis, IN) as recommended by the manufacturer. Experiments were performed 10-12 h after transfection. The amount of cells grown (30 dishes) resulted in approximately 10 mg of cellular material. The vacuoles of interest were estimated to comprise 10 mg of the total cellular material.
Immunoisolation of GFP-Syn3 membranes
Cells were washed thrice with cold PBS and harvested using a cell scraper at 4
• C. The cells were collected and pelleted by centrifugation at 4
• C (300 g The supernatant was discarded and proteins were eluted and solubilized by addition of 100 μL of Laemmli sample buffer, followed by heating to 95
• C for 10 min.
Separation by 1-D SDS-PAGE gel and trypsinization
Immunoisolated vacuoles were separated by SDS-PAGE using polyacrylamide minigels with a 4-20% gradient (BioRad Laboratories, Hercules, CA). Gels were then stained for 10 min with 0.01% Coomassie blue R250 (Sigma B-7920) in 50% methanol and 10% acetic acid (27) . The gels were then rinsed with 40% methanol and 7% acetic acid, followed by destaining for 10 min in the same solution, and soaked for 5 min in water twice. Gels were visualized using an Odyssey infrared scanner (Li-Cor, Lincoln, NE). For the proteomic analysis, the entire lane of the gel was cut into sequential slices of approximately 1 mm thickness. Each of the slices was then destained using 25 mM NH 4 HCO 3 /50% acetonitrile (ACN) for 10-min intervals until completely destained. Gel samples were then dried, reduced with 10 mM DTT in 25 mM NH 4 HCO 3 for 1 h at 56
• C, and alkylated with 55 mM iodoacetamide in 25 mM NH 4 HCO 3 for 45 min at room temperature in darkness. Upon supernatant removal, the gels were washed with 25 mM NH 4 HCO 3 for 10 min and with 25 mM NH 4 HCO 3 /50%ACN, and then dried. Proteins in gels were trypsinized using 12.5 ng/μL sequencing-grade modified trypsin (Promega, Madison, WI) diluted in 25 mM NH 4 HCO 3 and incubated at 37
• C for 16 h. Peptides were collected from digest solutions and gels were further extracted by sonication in a 50% ACN/5% formic acid solution and combined with corresponding digest solutions. Peptides in digest solutions were then lyophilized to near dryness and reconstituted with 15 μL 0.1% formic acid.
Nanospray LC/MS/MS analyses of tryptic peptides were carried out using a linear ion trap LTQ (Thermo Finnigan, San Jose, CA), as previously described (34) . Briefly, peptides were first loaded onto a trap cartridge (Agilent, Palo Alto, CA) at a flow rate of 2 μL/min. Trapped peptides were then eluted onto a reversed-phase PicoFrit column (New Objective, Woburn, MA) using a linear gradient of ACN (0-60%) containing 0.1% formic acid. The duration of the gradient was 35 min at a flow rate of 0.25 μL/min, which was followed by 80% ACN washing for 5 min. The eluted peptides from the PicoFrit column were sprayed into an LTQ mass spectrometer equipped with a nanospray ion source. The data-dependent acquisition mode was enabled, and each survey MS scan was followed by five MS/MS scans with dynamic exclusion option on. The spray voltage and ion transfer tube temperature were set at 1.8 kV and 160
• C, respectively.
The normalized collision energy was set at 35%.
Mass spectrometric data files were searched against the NCBI human Refseq protein forward and reversed sequence database (as of 3 January 2007) using BioWorks 3.2 software (ThermoFinnigan, San Jose, CA) based on SEQUEST algorithm, as described previously (35) . The identified peptide sequences were initially qualified and filtered using the following threshold: (i) the cross-correlation scores (Xcorr) of matches were rank first and greater than 1.5, 2.0, and 2.5 for charge state +1, +2, and +3 peptide ions, respectively, (ii) the uniqueness scores of matches ( Cn) were higher than 0.08, and (iii) the ranks of the preliminary scores (Rsp) were less than 10. Using these criteria, the false positive rates for peptide identification, estimated from reverse database searches, were less than 5%. After such filtering, only proteins identified by at least two peptides were considered as positive identifications.
Immunofluorescence and antibody internalization
Cells were plated on glass coverslips 24 h prior to use. For immunolocalization, cells were fixed for 10 min in 2% formaldehyde in PBS, rinsed in PBS and then incubated with primary antibodies in PBS/10% FCS in the presence of 0.2% saponin. Primary antibodies were either directly conjugated or visualized by incubation with Alexa fluor-conjugated, goatanti-mouse and goat-anti-rabbit secondary antibodies (Invitrogen, Carlsbad, CA). For antibody internalization assays, cells were incubated in complete media in the presence of 10-20 μg/mL monoclonal antibodies at 37
• C to allow endocytosis of the antibody. After internalization, surface antibody was removed by low pH, acid wash prior to fixation or by incubation of fixed cells with unlabelled goat anti-mouse IgG in the absence of saponin. The internalized antibody was subsequently revealed by incubation with secondary antibodies in the presence of saponin. In experiments where internalization of 594 or 633-transferrin was monitored, the cells were first incubated for 30 min in DMEM without serum but containing 0.5% BSA, and then transferrin and antibodies were added to this media. All images were obtained using a 510 LSM confocal microscope (Zeiss, Thornwood, NY) with a 63X Plan Apo objective and processed using Adobe Photoshop.
then fixed and immunolabeled with rabbit anti-Glut1 to detect endogenous Glut1, followed by appropriate secondary antibodies. Bar, 10 μm.
Figure S2: CD98 internalization is dynamin independent but is inhibited by filipin treatment. A) HeLa cells transfected with wild type Dynamin GFP or Dynamin K44A GFP were serum starved 30 min to remove unlabeled transferin and allowed to uptake unlabeled MHCI or CD98 along with 633 Tfn for 30 min. Cells were acid washed, fixed, and remaining surface antibody was blocked with unlabeled goat-anti-mouse IgG. Cells were incubated in Alexa 594 conjugated goat anti-mouse in the presence of saponin to detect MHCI or CD98.
B) HeLa cells were preincubated with 12 μg/mL filipin for 20 min then allowed to internalize either MHCI and CD98 for 20 min in the continued presence of filipin. Cells were acid washed, fixed, and remaining surface antibody blocked with unlabeled goat-anti-mouse IgG. Cells were subsequently incubated with isotype specific anti-mouse secondary antibodies to detect MHCI and CD98. Bar, 10 μm. Any queries (other than missing material) should be directed to the corresponding author for the article.
